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Abstract—Tracking the Doppler frequency of a transmitter,
where the Doppler is being compensated at the transmitter is
considered. A particular example where this occurs is Globalstar
low Earth orbit (LEO) satellites. Doppler compensation takes
place based on the center of each satellite transmitter beams.
When the Doppler is compensated, the measured Doppler by a
ground receiver is different from the real Doppler, which renders
the measured Doppler unusable for applications such as oppor-
tunistic navigation. This paper presents an approach to estimate
the true (i.e., uncompensated) Doppler, which is subsequently
used for code and carrier phase tracking. Experimental results
are presented of the first delay tracking with real Globalstar
satellite signals, showing the proposed technique closely matching
the tracking predicted by two-line element (TLE) files.

I. INTRODUCTION

Signals of opportunity (SOPs), whether terrestrial or space-

based, have been considered as complements or alternatives

to global navigation satellite system (GNSS) signals [1]. In

particular, the promise of utilizing low Earth orbit (LEO)

satellites for navigation has been the subject of several stud-

ies, with increased attention in the past few years [2]–[11].

While some of these studies require tailoring the broadband

protocol to support navigation capabilities [12], [13], other

studies propose to exploit existing and future broadband LEO

constellations for navigation in an opportunistic fashion [14]–

[19]. Tailoring the existing broadband protocols to support

navigation capabilities allow for simpler receiver architectures

and navigation algorithms. However, they require significant

changes to existing infrastructure, the cost of which private

companies such as OneWeb, SpaceX, Boeing, and others,

which are planning to launch tens of thousands of broadband

Internet satellites into LEO, may not be willing to pay.

LEO satellites possess desirable attributes for positioning

in GNSS-challenged environments: (i) they are around twenty

times closer to Earth compared to GNSS satellites, which

reside in medium Earth orbit (MEO), making their received

signal power between 24 to 34 dBs higher than GNSS sig-

nals; (ii) they will become abundant as tens of thousands

of broadband Internet satellites are expected to be deployed

into LEO; and (iii) each broadband provider will deploy

satellites into unique constellations, transmitting at different

frequency bands, making LEO satellite signals diverse in

This work was supported in part by the Office of Naval Research (ONR)
under Grant N00014-19-1-2511 and Grant N00014-19-1-2613.

frequency and direction. Using two-line element (TLE) files

and orbit determination algorithms (e.g., SGP4), the positions

and velocities of these satellites can be estimated, albeit not

precisely. In addition, some of these broadband LEO satellites,

such as Orbcomm satellites, are equipped with GPS receivers

and broadcast their GPS solution to terrestrial receivers.

One of the main challenges to navigate exclusively with

LEO satellite signals is that their signal specifications may not

be available to the public, which makes acquiring and tracking

these signals impossible for conventional opportunistic naviga-

tion receivers. In particular, the Globalstar satellite system [20]

supposedly uses a similar protocol to the IS-95 and cdma2000

cellular code-division multiple access (CDMA) system but

with different pseudo-noise (PN) sequences [21]. It should

be noted that since Globalstar is a bent-pipe satellite system

[22], the signaling characteristics might be updated during the

course of time. A blind opportunistic navigation framework

was presented in [23]–[25] to exploit partially known sources

for navigation purposes.

This paper considers Globalstar satellite signals. To the

best of the author’s knowledge, this paper shows the first

tracking results of Globalstar signals. One of the challenges of

opportunistic navigation with Globlastar satellites is Doppler

compensation. In Globalstar LEO satellite system, the Doppler

is compensated to a nominal value at the satellite or at the

ground station [21]. Doppler compensation takes place based

on the center of each satellite transmitter beams. When the

Doppler is compensated, the measured Doppler by a ground

receiver is different from the real Doppler, which renders

the measured Doppler unusable for opportunistic navigation.

This paper utilizes spectrum distortion to recover the Doppler

frequency and track Globalstar satellite signals. The idea

behind the presented method is that even though the Doppler

is compensated, it can be be estimated coarsely at the receiver,

based on the time compression or expansion of the received

signal due to the original Doppler. This compression/expansion

effect changes the apparent chipping rate at the receiver and

distorts the spectrum of the transmitted signal.

The rest of the paper is organized as follows. Section II

describes the received baseband signal model. Section III

presents the proposed approach to track Globalstar signals,

while estimating the Doppler stretch. Section IV presents

experimental results. Section V gives concluding remarks.



II. SIGNAL MODEL

Consider a LEO satellite that moves with a constant radial

velocity v relative to the receiver. The velocity is positive if the

LEO satellite moves away from the receiver. Thus, the distance

between the LEO satellite and the receiver is r(t) = r(0)+vt.
Denote the transmitted signal by p(t) exp(jωct), where p(t)
is a waveform, ωc = 2πfc, and fc is the carrier frequency.

The received signal can be modeled as

y(t) = αp(t− τ(t)) exp [jωc(t− τ(t))] + w(t), (1)

where α is the channel gain, w(t) is an additive noise, and

τ(t) =
r(t)

c
= t0 + γt, (2)

where t0 ,
r(0)
c

, γ , v
c

is the Doppler stretch, and c is the

speed of light. Hence, the received signal can be written as

y(t) = α′p [(1− γ)t− t0] exp(−j2πfDt) exp (jωct) + w(t),
(3)

where fD = fcγ is the Doppler frequency, and α′ =
α exp (−jωct0) is the equivalent channel gain. It can be

inferred from (3) that the Doppler effect results in the time

expansion or time compression of the transmitted signal.

In other words, the relative velocity of the transmitter and

the receiver results in two changes in the characteristics of

the transmitted signal: (i) the phase which appears as the

Doppler frequency shift and (ii) the time scale which appears

as time expansion or time compression. However, in some

applications, the expansion or compression is negligible. More

precisely, denoting the bandwidth and the duration of the

transmitted signal by B and T , respectively, if

BT ≪
c

2|v|
, (4)

the stretching effect can be neglected [26], i.e., (3) can be

approximated as

y(t) ≈ α′p(t− t0) exp(−j2πfDt) exp (jωct) + w(t), (5)

which is referred to as the narrow-band model for the transmit-

ted signal. Intuitively, a periodic signal can be considered as a

linear combination of constant frequency complex exponential

components, i.e., exp(j2πft), where f is within the bandwidth

of the transmitted signal. For each complex exponential com-

ponent, the Doppler changes the carrier frequency by |γ|f ,

which results in the variation of phase rotation over the signal

duration of T
1−γ

by 2π|γ|fT/(1− γ). Hence, 2|v|BT/c ≪ 1
should hold in order for the variations of the phase rotations

for all the complex exponential components to be equal.

A. Globalstar Forward Link Signals

Globalstar LEO satellites employ CDMA. For a given For-

ward CDMA Channel, the spreading and modulation process

is applied as shown in Fig. 1. The spreading sequence structure

is comprised of an inner PN sequence pair and an outer PN

sequence. The inner sequence has a chip rate of Rcin = 1.2288
Mcps and a length of Lcin = 210 chips. The outer PN sequence

has 1200 outer chips per second and a length of 288 outer

PN chips. One inner PN sequence period exactly fits into a

single outer PN chip. The outer PN modulates the inner PN

sequence to produce the actual spreading sequence resulting

in a period of 240 ms. It should be noted that the inner PN

sequence pair identifies the satellite orbital plane; there are

eight different pairs. The outer PN sequence identifies the

satellite. Each satellite beam is identified by a time offset

of the outer PN sequence for the corresponding orbit. The

gateways perform precorrection of time and frequency in

their transmitted waveform to compensate for time delay and

Doppler variations due to satellite motion for the feeder link.

Considering inner and outer PN sequences, the overall length

of PN sequence for Globalstar signals is Lc = 288 × 210

chips an the period of the PN sequence is Tc = 0.24 s.

However, accroding to (3), and due to the high speed of the

LEO satellites relative to the receiver, the apparent period of

the transmitted signal at the receiver might be different from

Tc. This is due to the time expansion or time compression

effect.
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Fig. 1. Block diagram of forward link spreading in Globalstar CDMA based
downlink signals. In this diagram the + sign is used to show the spreading
operation [21].

Remark 1: According to (3), the apparent period is Tcapp =
Tc

1−γ
and, consequently, the apparent chipping rate is Rcapp =

Rc − ǫ, where ǫ = γRc hereafter is referred to as chipping

rate offset (CRO).

It should be pointed out that the relation ship between the

CRO and the Doppler is ǫ = Rc

fc
fD. For instance, for a

transmitted signal at carrier frequency 2481.77 MHz with a

chipping rate of Rc = 1.2288 MHz and a Doppler frequency

of 20 kHz will result in ǫ ≈ 10 Hz.

Assuming that the sampling frequency is Fs, the number

of samples of one period of the PN sequence is Nc =
Lc

Rc
Fs.

Therefore, the apparent number of samples of the PN sequence

is

Ncapp =
NcRc

Rc − ǫ
=

LcFs

Rc − ǫ
. (6)

Factorizing Rc, expanding the Taylor series results around ǫ =
0, and retaining the first terms results in

Ncapp ≈

LcFs

Rc

(

1−
ǫ

Rc

)

. (7)



Therefore, the apparent number of samples of the PN sequence

will change by

k =

⌊

NcFsǫ

R2
c

⌉

(8)

samples, where ⌊·⌉ denotes rounding to the closest integer.

III. CHIPPING RATE OFFSET ESTIMATION

As mentioned previously, due to the high Doppler frequen-

cies of LEO satellites, the apparent chipping rate can be

different from its original value and the difference between

these two values is referred to as the CRO.

A. Doppler compensation

In a wideband communication system, when the band-

width and signal duration do not satisfy (4), the narrowband

signal model (5) will not hold and conventional Doppler

and delay estimation/tracking schemes will not work prop-

erly [26]. Hence, a Doppler tracking algorithm should be

aided by a CRO estimator. In this paper, another motivation

for CRO estimation is presented. In some LEO satellites,

the Doppler is corrected/compensated at the gateway [21].

Doppler compensation is performed to reduce the apparent

Doppler frequency at the user terminals. Using phased array

antennas, spot beams can be used to enhance coverage and

reduce interference. Doppler compensation can be performed

at the gateway according to the center of a spot beam (see

Fig. 2). Therefore, the user will experience a Doppler which

is different from fD in (3). Hence, the estimated Doppler will

not match with that of the TLE files.
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Fig. 2. Gateway to user terminal link and the spot beam.

B. Recovering the Original Doppler Frequency

Denoting the estimated Doppler of the center of spot beam

at the gateway by f̂DG
, the received signal model can be

expressed as

y(t) = α′p [(1− γ)t− t0] exp
[

−j2π
(

fD − f̂DG

)

t
]

· exp (jωct) + w(t). (9)

After carrier wipe-off and sampling, the discrete-time model

can be expressed as

y[n] = α′p[(1− ν)n− n0] exp

(

j2π
fD − f̂DG

Fs

n

)

+ w[n].

(10)

Consequently, a Doppler estimator yields an estimate of the

compensated Doppler, i.e., fD − f̂DG
, rather than the true

Doppler. It should be pointed out that γ still contains the effect

of the Doppler frequency. Therefore, estimating γ provides an

estimate of the Doppler frequency according to fD = γfc.
The maximum likelihood estimator is used to estimate ǫ and

consequently the PN sequence. The detected PN sequence was

used to acquire and track the Globlstar satellite signal using

the receiver implementation discussed in [27]. It should be

pointed out that the detected PN sequence has a time-varying

length. In other words, the length of the PN sequence depends

of the Doppler frequency which changes with time. Therefore,

the main difference between the proposed receiver and the

CDMA receiver presented in [27] is that the delay estimation

is performed using the PN sequence with the apparent length.

C. CRO-Aided Tracking Loops

After obtaining an estimate of γ, phase-locked loops (PLLs)

are employed to track the carrier phases of the detected

satellite and carrier-aided delay-locked loops (DLLs) are used

to track the code phase of the PN sequence. Fig. 3 shows the

block diagram of the CRO-aided tracking loops.
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Fig. 3. Block diagram of CRO-aided tracking loops.

Using a maximum-likelihood (ML) estimator of γ, the

apparent chipping rate of the locally generated PN sequence

is adjusted according to Rcrmapp
= Rc − ǫ.

The PLL consists of a phase discriminator, a loop filter, and

a numerically-controlled oscillator (NCO). It was found that

the receiver could track the carrier phase with a second-order

PLL with a loop filter transfer function

FPLL(s) =
2κωns+ ω2

n

s
, (11)

where κ ≡ 1√
2

is the damping ratio and ωn is the undamped

natural frequency, which can be related to the PLL noise-

equivalent bandwidth Bn,PLL by Bn,PLL = ωn

8ζ (4ζ
2+1) [28].

The loop filter transfer function in (11) is discretized at a

sampling period Tsub , Lc

Fs
, which is the time interval at

which the loop filters are updated and is typically known as the



subaccumulation interval. The discretized transfer function is

realized in state-space. The output of the loop filter at time-step

k, denoted by vPLL,k, is the rate of change of the carrier phase

error, expressed in rad/s. The Doppler frequency estimate at

time-step k is deduced by dividing vPLL,k by 2π. The carrier

phase estimate at time-step k is updated according to

θ̂k = θ̂k−1 + vPLL,k · Tsub, (12)

where θ̂0 ≡ 0.

The carrier-aided DLL employs an early-minus-late discrim-

inator. The early and late correlations at time-step k used in

the discriminator are denoted by Zek and Zlk , respectively,

which are calculated by correlating the received signal with

an early and a delayed version of the estimated PN sequence,

respectively. The time shift between Zek and Zlk is defined as

the early-minus-late time, denoted by ξ. The DLL loop filter

is a simple gain KDLL, with a noise-equivalent bandwidth

Bn,DLL = KDLL

4 ≡ 0.5 Hz. The output of the DLL loop filter

vDLL is the rate of change of the code phase, expressed in s/s.

Assuming low-side mixing at the radio frequency front-end,

the code phase estimate is updated according to

t̂sk+1
= t̂sk −

(

vDLL,k +
vPLL,k

2πfc

)

· Tsub. (13)

The code phase estimate can be used to deduce the pseudor-

ange observables.

IV. EXPERIMENTAL RESULTS

This section validates the proposed receiver experimentally.

The objective of these experiments are to: (i) compare the

measured Doppler with the Doppler from the TLE files to

visualize the Doppler compensation effect and (ii) compare

the variation in the pseudorange estimated by the receiver

to the variation in range between the stationary receiver

and the Globalstar satellites obtained by the TLE files. For

this purpose, the stationary receiver was equipped with a

costumer-grade GAT-17MP Globalstar antenna and a small

consumer-grade GPS. The satellite signals were down-mixed

and sampled via a single-channel universal software radio

peripheral (USRP) 2974 driven by a GPS-disciplined oscillator

(GPSDO). Fig. 4 illustrates the experimental setup. Samples of

the received signals were stored for off-line post-processing.

Fig. 5 demonstrates the estimated Doppler by the receiver

and the Doppler obtained from the TLE files. It can be seen

that the measured Doppler is dramatically different from the

Doppler profile obtained from the TLE files. As mentioned

previously, Doppler compensation is performed to reduce the

apparent Doppler frequency at the user terminals. Doppler

compensation is performed at the gateway according to the

center of the spot beam. Due to the distance between the

center of the spot beam and the user terminal, the user terminal

experiences a Doppler frequency which is relatively smaller

than what is expected from the Doppler from the TLE files.

The CRO ǫ is estimated and used to estimate the transmitted

PN sequence. The likelihood function of the ML estimator for

different values of ǫ is demonstrated in Fig. 6. The estimated

USRP 2974
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antenna GPS antenna

Fig. 4. Experimental setup.

50 100 150 200 250 300 350 400 450 500

Time (UTC)

3.6

3.7

3.8

3.9

4

4.1

4.2

4.3

D
o
p
p
le

r 
(H

z
)

104 TLE Estimated Doppler

50 100 150 200

4.1

4.15

4.2

4.25
104

Fig. 5. The estimated Doppler frequency and the Doppler obtained from TLE
files.

PN sequence was used to acquire and track the Globlstar

satellite using the receiver implementation discussed in [27].

The tracking tracking results versus those obtained from TLE

are plotted in Fig. 7.

As can be seen from this figure, the proposed method is

tracking the pseudorange of one of Globalstar satellites which

was available in a window of 190 s at the time of experiment.

The average error between the measured pseudornage and

the pseudorange predicted is approximately 111.12 m over a

window of 190 s.
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Fig. 6. The likelihood function for the ML estimator of Globalstar forward
link signals for different values of epsilon.
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Fig. 7. (a) Trajectory of Globalstar satellite GS 37743. (b) Comparing the
delay tracking results obtained by the proposed receiver with the delays
obtained from the TLE.

V. CONCLUSION

This paper considered the problem of tracking LEO satel-

lites in a scenarios where the Doppler is changed or compen-

sated for at the transmitter. One example of a compensated

Doppler is the Globalstar LEO satellite forward link signals.

This paper presented a Doppler stretch estimation technique to

enable the tracking of Globalstar satellite signals. Experimen-

tal results were presented showing close match between the

proposed delay tracking technique versus the delay predicted

by TLE files.
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